A miniature ceramic anvil high pressure cell (mCAC) was earlier designed by us for magnetic measurements at pressures up to 7.6 GPa in a commercial superconducting quantum interference (SQUID) magnetometer [N. Tateiwa et al., Rev. Sci. Instrum. 82, 053906 (2011)]. Here, we describe methods to generate pressures above 10 GPa in the mCAC. The efficiency of the pressure generation is sharply improved when the Cu-Be gasket is sufficiently preindented. The maximum pressure for the 0.6 mm culet anvils is 12.6 GPa when the Cu-Be gasket is preindented from the initial thickness of 300 to 60 µm. The 0.5 mm culet anvils were also tested with a rhenium gasket. The maximum pressure attainable in the mCAC is about 13 GPa. The present cell was used to study YbCu2Si2 which shows a pressure induced transition from the non-magnetic to magnetic phases at 8 GPa. We confirm a ferromagnetic transition from the dc magnetization measurement at high pressure. The mCAC can detect the ferromagnetic ordered state whose spontaneous magnetic moment is smaller than 1 µB per unit cell. The high sensitivity for magnetic measurements in the mCAC may result from the the simplicity of cell structure. The present study shows the availability of the mCAC for precise magnetic measurements at pressures above 10 GPa.
I. INTRODUCTION
The application of pressure to materials provides a powerful method of tuning various physical properties to search for new phase transitions in the strongly correlated electron systems. Interesting physical phenomena such as superconductivity have been found near the boundary to a magnetic phase [1] . Various experimental techniques have progressed for the measurement of physical quantities such as electrical resistivity, heat capacity and magnetization under high pressure [2] . Magnetization is a fundamental physical property characterizing the response of a material to applied magnetic field. Magnetic measurements under high pressure are essential for the study of pressure-induced physical phenomena.
Several types of high pressure cells have been made for magnetic measurements at high pressure in a commercial superconducting quantum interference (SQUID) magnetometer where measurements can be done under automatic control of temperature and magnetic field [3] [4] [5] [6] [7] [8] [9] . The magnetometer can resolve magnetic moment changes as small as 10 −8 emu. The pressure cells for the magnetometer can be divided into two categories, piston-cylinder and opposed anvil cells such as the diamond anvil cell (DAC). Most of the cells for the SQUID * Rev. Sci. Instrum. 83, 053905 (2012). † Electronic address: tateiwa.naoyuki@jaea.go.jp magnetometer are of piston-cylinder type [3, 4] . Large sample volume is one of the key advantages of this cell. A precise magnetization measurement is possible. However, the pressure range is limited to at most 1.5 GPa since the inner bore diameter of the SQUID magnetometer is only 9 mm. The DAC for the magnetometer can generate high pressures up to 15 GPa [5, 7, 8] . However, the volume of the sample space in the DAC is less than 0.01 mm 3 . It can be used for the ferromagnetic or superconducting compounds with large absolute magnetization. Specialized techniques are necessary to use the DAC and the production cost is high (∼ 10 4 $). An easier and more inexpensive method should be developed. Magnetization measurements at high pressure are possible up to 3.0 GPa using an indenter type cell [9] . The large background magnetization from the Ni-Cr-Al gasket is a serious problem. The gasket is pressed only by the cone part of the anvil and the mechanical support for the sample space is not enough. The sample space in the gasket deforms radially under compression above the tensile strength of the Ni-Cr-Al alloy (∼ 2.3 GPa), which produces two features in the indenter cell. One is the decrease in the efficiency of pressure generation at higher pressures and the other is the development of uniaxial (deviatoric) stress in the sample space above the solidification pressure of the pressure-transmitting medium. The strength of the uniaxial stress correlates with the maximum shear stress of the pressure-transmitting medium. The latter feature causes difficulties that the pressure effects on the electronic state differ depending on pressure-medium used in each experiment [10, 11] . It is important to suppress the radial deformation for generating higher pressures with good quality. The deformation can be avoided when the gasket is pressed by the surface of the anvils in the opposed anvil cell.
Recently, we have proposed a miniature opposedanvil high-pressure cell for use with the SQUID magnetometer [12, 13] . The anvils are made of inexpensive composite ceramic (FCY20A, Fuji Die Co.). This cell is abbreviated here as mCAC. The simplified mCAC without anvil alignment mechanism is easy-to-use for researchers who are not familiar with high-pressure technology. The production cost is about one tenth of that of the DAC. The background magnetization in the mCAC is far smaller than that in the indenter cell. The cell can be used for antiferromagnetic compounds with smaller magnetization. The maximum pressure was 7.6 GPa when the 0.6 mm culet anvils were used. In this study, we have developed methods to generate pressures above 10 GPa in the mCAC.
II. EXPERIMENTAL METHODS
We have used the mCAC with the 0.6 and 0.5 mm culet anvils for the present study. In particular, the effect of the preindentation of the Cu-Be gasket has been carefully studied. Figure 1 and Table 1 show the experimental configuration and conditions of the present study. We have tested three Cu-Be gaskets with initial thickness of 0.30 mm. The Cu-Be gaskets were preindented to a thickness of 0.06 and 0.15 mm in Run 1 and 2, respectively. In Run 3, the gasket was not preindented. The rhenium (Re) gasket was also tested with the 0.5 mm culet anvils (Run 4). The rhenium gasket is used without preindentation. In Run 1 to 4, a lead (Pb) pressure manometer was loaded in the sample chamber filled with the pressuretransmitting medium glycerin [14] . For the magnetization measurement on YbCu 2 Si 2 , the sample and Pb were loaded in the chamber. Figure 1 (b) shows a photograph of the Cu-Be gasket after the preindentation using a pair of the φ 1 = 0.6 mm anvils. A scale in the microscope corresponds to 20 µm. A sample (YbCu 2 Si 2 ) and pressure manometer Pb (behind the sample) were loaded in the sample chamber whose diameter was φ 2 = 0.2 mm.
The magnetization measurement has been done using the SQUID magnetometer MPMS from Quantum Design (USA) [15] . To obtain the magnetization of a sample, the SQUID response of the pressure cell is collected with and without the sample and the difference signal is fitted to a calculated form assuming a point dipole moment using a specially written external program as described in the reference 12. The pressure values at low temperatures were determined by the pressure dependence of the superconducting transition temperature in lead [16] [17] [18] .
III. RESULTS AND DISCUSSIONS
A. Generation of high pressure above 10 GPa Figure 2 shows the temperature dependence of the magnetization of Pb at 6.9, 9.1, 11.6, and 12.6 GPa in magnetic field of 10 Oe with the 0.6 culet anvils (Run 1). The data at 9.1, 11.6, and 12.6 GPa are shifted along the vertical axis for clarity. At low temperatures, a large drop of the magnetization associated with the Meissner effect of the superconducting transition was observed. The value of T sc was determined from the peak temperature in the temperature derivative of magnetization ∂M /∂T shown as arrows in the figure. The magnetization becomes negligibly small above T sc . The superconducting transition temperature T sc of Pb is 7.19 K at ambient pressure. The value of T sc is 4.9 K for an applied load of 220 kgf. This indicates that the pressure inside the sample chamber is 6.9 GPa. For the applied load of 333 kgf , the superconducting transition temperature is 3.73 K which corresponds to 12.6 GPa. Figure 3 shows the relation between the applied load at room temperature and the pressure value at low temper-TABLE I: Experimental conditions. φ1 : culet size of the anvil. φ2: diameter of the sample space, z0: initial thickness of the gasket, z1: thickness of the gasket after preindentation, and Pmax : maximum pressure. ature for the Run 1, 2, 3, and 4. The maximum pressure P max depends on the thickness z 1 after the preindentation when the Cu-Be gaskets were used. The pressure value shows saturation with increasing applied load when the gasket is not preindented (Run 3). The value of P max is at most 5.0 GPa. The maximum pressure is sensitive to the thickness of the Cu-Be gasket z 1 after the preindentation as shown in Figure 4 . It seems that the gasket should be preindented to less than 0.1 mm from the initial thickness of 0.30 mm in order to generate high pressures above 10 GPa. We have tested the 0.5 mm culet anvils with the preindented Cu-Be gasket. The sample chamber deforms nonsymmetrically and the gasket was broken at higher pressure. The deformation may be due to misregistrations between center positions in the two anvils and the Cu-Be gasket. There is no anvil-alignment mechanism in the mCAC as mentioned before. Next, we tested the rhenium gasket with the 0.5 mm culet anvils. The tensile strength of rhenium is about two times larger than that of the Cu-Be alloy. Therefore, we expected the generation of the higher pressure. The relation between the applied load and the pressure was shown in Fig. 3 (Run 4). The pressure value increases from 9.5 GPa at 213 kgf to 11.7 GPa at 267 kgf. On further increasing the load, the anvils were broken at 293 kgf. This load corresponds to 12.9 GPa if the relation between the load and the pressure value in Run 4 is extrapolated linearly. The present study suggests that the maximum pressure attainable with the mCAC without the anvil alignment mechanism is about 13 GPa. The anvil alignment mechanism is required for the small culet anvils to generate higher pressure. Future study is necessary for the maximum pressure generated by anvils made of the present composite ceramic (FCY20A). We note the influence of the superconducting transition on the rhenium gasket to the magnetic measurements. The contribution from the superconducting transition in the rhenium gasket to the magnetic data is dominant since the volume of the gasket is far larger than those of the pressure manometer Pb and the sample. The rhenium gasket is not appropriate for magnetic measurements at low magnetic fields and low temperatures. The superconducting transition temperatures at 9.5 and 11.7 GPa under magnetic field of 10 Oe are 3.5 and 4.0 K, respectively. The superconducting transition temperature in rhenium metal was reported to be 1.699 K at ambient pressure [19] . The pressure dependence of the transition temperature is reported only up to 1.8 GPa. The present result suggests that the transition temperature increases with increasing pressure. However, it is not clear whether the present pressure change of the transition temperature reflects the effect of the hydrostatic pressure since the rhenium gasket is directly pressured by anvils. It was reported that the electronic state of rhenium metal is sensitive to the uniaxial strain [20] .
The present study shows the importance of the preindentation of the Cu-Be gasket when the φ 1 = 0.6 culet anvils are used. On the other hand, it is not better to preindent the Cu-Be gasket in the ceramic anvil cell when the φ 1 = 1.2 to 1.8 mm culet anvils are used. Figure 5 (a) and (b) show the schematic illustration of the relations between the applied load and the pressure value for (a) the φ 1 = 0.5-0.8 mm anvils and (b) the 1.2-1.8 mm anvils. Lines A and B represent the relations for the gaskets with and without the preindentation, respectively. Firstly, we discuss the case for (a). The pressure value for the gasket without the preindentation starts to increase above a threshold value L 1 of the applied load and saturate in the lower load (Line B). For the gasket with the preindentation, The threshold value L 2 of the load is a few times larger than L 1 and the higher pressure can be generated (Line A). The threshold values L 1 and L 2 are far smaller than the maximum load limit L max for the present ceramic anvil estimated as 1100 kgf. The preindentation for the CuBe gasket is important. The relations shown in Fig. 5 (a) are experimentally demonstrated in Fig. 3 . Meanwhile, the value of L 2 for the 1.2-1.8 mm culet anvils becomes close to L max as shown in Fig. 5 (b) . The higher pressures cannot be generated below L max with the preindented gasket. The applied load larger than L max is required to achieve higher pressure than that using the gasket without the preindentaion (Dotted line A in Fig. 5 (b) ). It is better to use the CuBe gasket without the preindentation. For the rhenium gasket, we did not preindent it in this study since the rhenium metal is harder than the Cu-Be alloy and the pressure value does not show saturation in the pressure region up to 12 GPa.
B. Measurement on YbCu2Si2
We illustrate the performance of the present methods described in this paper with a study YbCu 2 Si 2 . YbCu 2 Si 2 crystallizes into the tetragonal ThCr 2 Si 2 -type structure. This is a paramagnetic compound with a moderately high value of the linear specific heat coefficient γ ≃ 135 mJK −2 mol −1 [21] . Previous high pressure stud- ies suggested a pressure-induced magnetic phase above 8 GPa [22] [23] [24] . The ac-magnetic susceptibility χ ac and calorimetry C ac under magnetic field suggested a ferromagnetic transition [25] . It is necessary then to detect the ferromagnetic component from the dc magnetic measurement under high pressure. We have measured the magnetization in YbCu 2 Si 2 under high pressure with the mCAC using the 0.6 mm cult anvils. The Cu-Be gasket was preindented to z 1 = 0.08 mm from the initial thickness of z 0 = 0.30 mm. A high quality single crystal sample was used in this measurement and the detail of the sample preparation is given in the reference 21. The size of the single crystal sample was 0.11 × 0.09 × 0.03 mm 3 . The sample and the Pb pressure manometer were placed in the sample space filled with the pressure-transmitting medium glycerin as shown in Fig. 1 (b) . The magnetic field H was applied parallel to the magnetic easy axis (the [001] direction) of the tetragonal crystal structure. Figure 6 shows the temperature dependence of the magnetization under magnetic field of 1 kOe at 5.5 and 10.5 GPa. The magnetization at 5.5 GPa shows a monotonous temperature dependence. Meanwhile, the magnetization at 10.5 GPa increases strongly with decreasing temperature below 5 K, suggesting a ferromagnetic ordering. The inset of Fig. 6 shows the magnetization curves for the two pressures measured at 2 K. The magnetization increases monotonously with increasing magnetic field at 10.5 GPa. The magnetization at 10.5 GPa shows a typical ferromagnetic behavior. It is concluded from these results that the pressure-induced magnetic transition in YbCu 2 Si 2 is ferromagnetic. The ferromagnetic transition temperature T C at 1 kOe was estimated as 4.3 K ± 0.2 K from the peak position in the temperature dependence of the derivative of the magnetization ∂M /∂T . The transition temperature determined from the magnetization at 100 Oe (data not shown) was 4.4 ± 0.3 K. These values are roughly consistent with the previous studies [22] [23] [24] [25] .
The previous study showed an electronic phase separation of the ferromagnetic and paramagnetic states above 8 GPa in YbCu 2 Si 2 [24] . The Mössbauer spectra were fitted by a superposition of a magnetic and nonmagnetic component and the value of the magnetic moment was estimated as 1.25 µ B /Yb from the magnetic subspectrum at 8.9 GPa. The observed spontaneous magnetic moment should be smaller than the value in the macroscopic magnetic measurement. Indeed, the spontaneous magnetic moment was estimated as 0.36 ± 0.05 µ B /Yb at 2 K and 10.5 GPa in this experiment.
Finally, we compare the performance of the mCAC with that of the DAC. The previous studies have reported the observation of ferromagnetic transitions in several materials with the DAC [5] [6] [7] [8] . The values of the spontaneous magnetic moments in the materials are generally larger than 1 µ B per unit cell. Meanwhile, the present study shows that the mCAC can detect the ferromagnetic ordered state around 10 GPa whose spontaneous magnetic moment is significantly less than 1.0 µ B per unit cell. This high sensitivity for magnetic measurements may result from the the simplicity of cell structure. In general, the pressure cells with complicated structure often generate larger artificial inductive voltage in the pick-up coils, leading to a lower signal to noise ratio.
IV. CONCLUSION
In summary, we have developed methods to generate pressures above 10 GPa in a miniature ceramic anvil high pressure cell (mCAC). The efficiency of the pressure generation is sharply improved when the Cu-Be gasket is sufficiently preindented. The maximum pressure for the 0.6 mm culet anvils is 12.6 GPa. The 0.5 mm culet anvils were also tested with a rhenium gasket. The maximum pressure attainable in the mCAC is approximately 13 GPa. We have applied the present methods to the study of the pressure-induced magnetic phase in YbCu 2 Si 2 . The ferromagnetic ordering state is confirmed by the dc magnetic measurements at high pressure. The mCAC can detect the ferromagnetic ordered state whose spontaneous magnetic moment is significantly less than 1.0 µ B per unit cell. The present study shows the availability of the mCAC for magnetic measurements at pressures across 10 GPa in the study of the strongly correlated electron system.
